The effect of CCl 4 -hepatotoxicity on the development of pulmonary foam cells (PFCs) was studied using 4 groups of rats. Rats in the control group were fed a standard diet; rats in the second group were fed a hyper &beta;-lipoproteinemic (HB) diet consisting of the standard diet, 4% cholesterol, and 1% cholic acid; rats in the third group were fed the standard diet and administered with CCl 4 (1.0 ml/kg, ip, fortnightly) (CT); and rats in the fourth group were fed the HB diet and administered with CCl 4 (HT). At feeding week 10, rats in the HB and HT groups developed hyper &beta;-lipoproteinemia. The ratios of foamy, lipid-ingested monocytes (FMs) to blood monocytes (BMs) and the histologic scores of PFC development were significantly greater in the HB and HT groups than in the control and CT groups, respectively. The ratio of PFCs to alveolar macrophages from bronchopulmonary lavage fluid was significantly higher in the HT group than in the CT group. At feeding week 20, rats in the CT and HT groups suffered hepatic injury and hypo &beta;-lipoproteinemia. Despite hypo &beta;-lipoproteinemia, the FM and PFC development, the ratio of BMs in differential leukocyte counts, and latex-phagocytotic activity of BMs were enhanced in the HT group. Furthermore, markedly enlarged FMs, described here as giant-FMs, that contained numerous lipid droplets in their abundant cytoplasm appeared in the peripheral blood from rats in the HT group. Histologically, embolism caused by giant-FMs in the pulmonary blood vessels and intraalveolar accumulation of PFCs were detected with a high incidence in the HT group. The present study suggests that CCl 4 -hepatotoxicity may affect lipoprotein synthesis in the liver of hyper &beta;-lipoproteinemic rats and defective or modified lipoproteins can be phagocytosed actively by BMs, and then BMs transform into FMs or giant-FMs, resulting in the PFC development and pulmonary embolism by giant-FMs.
INTRODUCTION
Pulmonary foam cells (PFCs) have been observed in the otherwise normal-appearing lungs in rats (1, 5, 18, 21) , and their development was enhanced with age and correlated with increased levels of blood lipids (5, 18) . We have previously reported that the development of PFCs in rats was related to an increased level of blood (3-lipoprotein (B-LP), which was induced by cholesterol administration (16) or feeding a diet with high cholesterol content (17) .
Oxidized low-density lipoproteins (LDLs) constituting a part of B-LP have now been considered to be a candidate for naturally occurring modified LDLs in vivo (9, 10, 19) , which were presumed to be associated with the lipid incorporation and foamy transformation of macrophages (8, 22) . Our previous studies revealed that foamy transformation of blood monocytes (BMs), emigration of BMs into the pulmonary alveoli, and the development of PFCs were enhanced in rats under the diet-induced hyper (3-lipoproteinemic (HB) condition (17) and that these phenomena were suppressed by treatment with (3-carotene, a natural antioxidant (15) . These observations suggest that oxidative B-LP may be uptaken actively by BMs, leading to the development of PFCs in rats.
Carbon tetrachloride (CCl~) is one of the hepatotoxic chemicals and affects various organelles such as the endoplasmic reticulum, mitochondria, and lysosomes of hepatocytes, resulting in fatty change or necrosis in the liver (4, 12, 14) . Because of synthesis and excretion of lipoproteins in the liver, CC'4-induced hepatotoxicity may lead to the development of PFCs. In the present study, we attempted to determine the influence of CC'4-hepatotoxicity on the development of PFCs in rats fed an HB diet.
MATERIALS AND METHODS
Animals, Diets, and CCl4 Administration. Forty-three male Fischer 344/DuCrj specific-pathogen-free rats were obtained from Charles River Japan Inc. (Kanagawa, Japan) at the age of 10 wk. One or 2 rats were housed in each wire-mesh cage, and the animals were maintained in a barrier-sustained room controlled at 23 ± 2°C and 50 ± 20% relative humidity, with a 12-hr light-dark cycle. The rats were allocated to 4 groups: rats in the control group were given a standard commercial diet for rats (NR-2, Laboratory Animal Research Station, Yamanashi, Japan); rats in the HB group were fed the HB diet consisting of NR-2, 4% cholesterol, and 1 % cholic acid; rats in the CCI,-administered (CT) group received NR-2 and were administered ip with 1.0 ml/kg of CC'4 fortnightly; rats in the HT group received the HB diet and were ad- 17 hr of fasting. The serum was separated from the blood and tested for total cholesterol (TC), phospholipid (PL), triglyceride (TG), total protein (TP), albumin (ALB), asparate aminotransferase (ASAT), alanine aminotransferase (ALAT), and gamma-glutamyl transpeptidase (gGTP) with a Clinalyzer (JCA-VX1000, JEOL Co., Ltd., Tokyo, Japan). Albumin to globulin ratio (A/G) was calculated from TP and ALB values.
The serum was also tested for B-LP with a Clinalyzer, and migration of serum lipoproteins was analyzed by agarose gel electrophoresis. The relative percentage of migrated lipoprotein classes was measured by methods described previously (15) .
Hematology. The method used was previously described (17) .
Cytology of BMs and Alveolar Macrophages. Mononuclear leukocytes were separated from a portion of the blood that was collected from 4 rats of each group by the method described (15) . Alveolar macrophages (AMs) were collected from the right and accessory lung lobes by the method described by Phizackerley et al (11) . The broncho-pulmonary lavaged cells thus obtained were seeded onto tissue-culture chamber slides (LAB-TEK, Nunc, Inc., Naperville, IL) at 105 cells/ml in the RPMI-1640 medium (Gibco, Grand Island, NY). After removing the culture medium and nonadherent cells, the monolayer of adherent cells was fixed in 10% neutral buffered formalin, stained with oil red 0, and used as cell preparations. The ratios of foamy monocytes (FMs) to BMs and PFCs to AMs were calculated by observing 2,000 BMs and 2,000 AMs in each cell preparation, respectively.
Identification of BMs and AMs was performed by the indirect immunoperoxidase method as described by Shibuya et al (17) . Briefly, after blocking endogeneous peroxidase activity, the preparations were incubated with 1: 100 diluted mouse anti-rat monocytes/macrophages monoclonal antibody (ED1, Chemicon International Inc., Tamecula, CA) for 60 min at 4°C, followed by incubation with 1:1,000 diluted peroxidase-conjugated goat antimouse IgG antibody (Jackson Immunoresearch Laboratories, Inc., West Grove, PA) for 60 min at room temperature, and then cells were visualized with diaminobenzidine as the chromogen and hematoxylin counterstain. Selected preparations immunostained with ED 1 were subsequently stained with oil red O.
Pathology of the Lungs and Livers. All rats subjected to blood analysis were necropsied. The lungs and livers were fixed in 10% neutral buffered formalin. Two parts of the left lung, which had not been used for bronchopulmonary lavage, and 1 part of the liver were embedded in paraffin, sectioned, and stained with H&E.
Selected sections were stained with periodic acid-Schiff (PAS), azan-Mallory, elastica van Gieson, and Watanabe's silver impregnation for reticulin. Some sections were immunohistochemically stained with ED 1 as described above.
Frozen sections from the lungs and liver were stained with oil red O. The incidence of PFCs in the lungs was examined in H&E-stained sections. The degree of PFC development was graded as follows: score 0, no PFCs; score 1, scattered individual PFCs; score 2, ~5 clusters of PFCs; and score 3, ~6 clusters of PFCs, as described in Shibuya et al (17) .
Phagocytotic Activity of BMs. At feeding weeks 10 and 20, BMs were collected from 4 rats of each group and cultured in the tissue-culture chamber slides at 105 cells/ml as described above. Latex-phagocytotic activity was observed to determine the ratio of latex-ingested BMs to 400 BMs by the method described in Shibuya et al (17) .
Statistical Analysis. The statistical significance was assessed by Student's t-test for differences between the control and HB groups, control and CT groups, CT and HT groups, as well as HB and HT groups within each feeding period and each incubation time examined.
RESULTS

Blood Biochemistry and Lipoprotein Analysis
At feeding week 10, the serum levels of TC and B-LP in both HB and HT groups were significantly higher than those in the control and CT groups. Significant increases were also observed in the TC level in the CT group and the PL level in the HB group compared with controls. The percentages of B-LP fraction as determined by the serum lipoprotein electrophoresis were significantly greater in the HB and HT groups than in the control and CT groups; the percentage in the HT group was also significantly greater than that in the HB group (Fig. 1 ). The TP levels in the HB and HT groups were significantly higher than those in the control and CT groups. The A/G was significantly lower in the HB and HT groups than in the control and CT groups, and the ratio in the HT group was significantly higher than in the HB group (Fig. 2 ). The ALAT level was significantly higher in the HB group than in the control and HT groups ( Fig. 3 ). At feeding week 20, the TC, PL, and B-LP levels, as well as the percentage of B-LP fraction, in the HB group were significantly higher than those in the controls; the TC and PL levels in the HT group were significantly higher than those in the CT group. On the other hand, the TC, PL, TG, and B-LP levels, as well as percentage of B-LP fraction, in the CT group were significantly lower compared with controls; the TC, TG, and B-LP levels in the HT group were significantly lower than those in the HB group (Fig. 1 ). As compared with controls, the TP, ASAT, ALAT, and gGTP levels in the HB group were significantly higher, whereas the ALB and A/G levels in the same group were significantly lower; the TP, ALB, and A/G levels in the CT group were significantly lower, while ASAT and ALAT levels in the same group were significantly higher ( Figs. 2 and 3 ). The TP level was significantly higher in the HT group than in the CT group 
Hematology
There were no significant differences in the total number of white blood cells between any of the following groups: the control and HB, the CT and HT, the control and CT, as well as the HB and HT, at feeding weeks 10 and 20 (Fig. 4 ). The percentage of monocytes in the HT group was significantly (p < 0.05) higher than that in the CT group at feeding week 20 (Fig. 4 ).
Cytology of BlVfs and AMs
BMs, FMs, AMs, and PFCs reacted positively with ED1, and both FMs and PFCs contained lipid droplets in their cytoplasm. The numbers and size of lipid droplets in FMs in the HB and HT groups were markedly greater than those in the control and CT groups at both feeding weeks (Fig. 5) . Particularly in the HT group, giant-FMs, which were larger in size, bizzare in shape, had abundant cytoplasm with numerous lipid droplets, and reacted positively with ED1, appeared in peripheral blood (Fig. 5 ).
The percentages of FMs and PFCs in each group were greater at feeding week 20 than at feeding week 10 (Fig.  6 ). The percentages of FMs were significantly (p < 0.01) higher in the HB and HT groups than in the control and CT groups at both feeding weeks (Fig. 6 ). The percentage of FMs was markedly higher in the HT group than in the HB group at feeding week 20, but no significant difference was observed. The percentages of PFCs in the HT group were significantly (p < 0.05 or p < 0.01) higher than those in the CT group at both feeding weeks (Fig.  6 ). The percentages of PFCs were markedly higher in the HT group than in the HB group at both feeding weeks, but no significant differences were observed. 
Pathology of the Lungs and Livers
Grossly, tiny, white foci coinciding histologically with aggregations of PFCs were observed on the lung surfaces in 4 of 6, 1 of 5, and 3 of 4 rats at feeding week 20 in the HB, CT, and HT groups, respectively. Hepatomegaly and yellowish discoloration of the liver were observed in all rats in the HB group and 4 of 5 rats in the HT group at feeding week 10 and in all rats in the HB and HT groups and 3 of 5 rats in the CT group at feeding week 20. Thickened and roughened surfaces of the livers were observed in a few rats of the CT and HT groups at both feeding weeks.
PFCs were detected histologically in the lungs of all rats in the HB and HT groups at feeding weeks 10 and 20, whereas PFCs in the control and CT groups were observed in 3 of 6 and 1 of 5 rats at feeding week 10 and in 4 of 6 and 3 of 5 rats at feeding week 20, respectively. Most PFCs detected in rats of the control and CT groups appeared individually, adhering to the alveolar walls; on the other hand, PFCs in rats of the HB and HT groups accumulated in alveoli of the peribronchial and subpleural regions (Fig. 7a ). The mean scores of PFC development in the control, HB, CT, and HT groups were 0.5, 1.3, 0.2, and 1.2 at feeding week 10 and 0.7, 2.3, 1.0, and 2.5 at feeding week 20, respectively. The scores in the HB group at both feeding weeks were significantly (p < 0.05 and p < 0.001) greater than those in the control group, respectively, and the score in the HT group at feeding week 10 was significantly (p < 0.01) greater than that in the CT FIG. 5.-a) Two blood monocytes (BMs) from a rat receiving the standard diet for 20 wk. b) Two foamy monocytes (FMs) containing a few lipid droplets in the cytoplasm from a rat receiving the hyper (3-lipoproteinemic diet for 20 wk. c) A BM and an FM containing several lipid droplets in the cytoplasm from a rat administered with CC'4 and receiving the standard diet for 20 wk. The size of lipid droplets is smaller than those shown in (b). d) An FM containing many lipid droplets in the cytoplasm from a rat administered with CC'4 and receiving the hyper (3-lipoproteinemic diet for 20 wk. The number and size of lipid droplets are greater than those shown in (b). e) A giant-FM from a rat administered with CC14 and receiving the hyper ¡3-lipoproteinemic diet for 20 wk. The cell is markedly larger than BMs and FMs and numerous, varying-sized lipid droplets are contained in the abundant cytoplasm. Oil red 0 stain. X 1,400. group. In the HT group, embolism of giant-FMs in the lungs was observed in 3 of 5 and all 4 rats at feeding weeks 10 and 20, respectively. The lesions were characterized by nodular or focal thickening of the alveolar walls (Fig. 7b ). In these lesions, numerous, large vacuolated cells occluded vascular lumina, which were clearly demonstrable by the elastic van Gieson and Watanabe's silver impregnation methods (Figs. 7c, d) , and a small number of the same type cells were observed in the interstitium around the small vessels. These vacuolated cells were immunohistochemically positive with ED ( Fig. 7e ) and positive with oil red 0 ( Fig.  FIG. 6. -Percentages of FMs calculated by observing 2,000 monocytes in mononuclear leukocyte fraction smears and PFCs calculated by observing 2,000 alveolar macrophages in bronchopulmonary lavage fluid smears of 4 rats from each group. Values represent mean ± SD. Significant differences: cz: p < 0.01 from the control group; b: p < 0.05 and c: p < 0.01 from the CT group. See Fig. 1 legend for groups. 7f), suggesting that these cells originated from giant-FMs. PFCs also gave a positive reaction to ED and oil red O.
No histologic changes were detected in the liver of rats in the control group (Fig. 8a) . The livers of rats in the HB group showed peripheral fatty change, in which periportal hepatocytes contained a large number of tiny lipid droplets in their cytoplasm (Fig. 8b) . The livers of rats in the CT group developed centrilobular fatty degeneration ; hepatocytes around the central veins were degenerative with several lipid droplets in the cytoplasm (Fig.  8c ). Lipid droplets in degenerative hepatocytes of rats in the CT group varied in size and were larger than those in hepatocytes of rats in the HB group. In the liver of rats in the HT group, there was periportal fatty change and centrilobular fatty degeneration (Fig. 8d) , slight fibrosis in interlobular and portal regions, and fibrous thickening of the capsule demonstrable by the azan-Mallory stain. The degree of the liver lesions in these groups was more evident at feeding week 20 than at feeding week 10.
Phagocytotic activity of BMs
The percentages of latex-ingested BMs to the total number of BMs increased progressively in all the feeding groups as the incubation time lengthened. The percentage of latex-ingested BMs after 5-min incubation in the HT group was significantly (p < 0.05) higher than in the HB group at feeding week 20 (Fig. 9 ). DISCUSSION CCI, has been shown to affect cellular membranes associated with various organelles of hepatocytes (4, 12) . Hepatic injury induced by CCl4 resulted in inhibition of protein synthesis in hepatocytes, in which incorporation of amino acids into lipoproteins was markedly reduced, and consequently it caused a loss of capacity of the liver to form and excrete low-density lipoprotein (LDL). As a result, CC'4 can lower the level of circulating lipoproteins, especially LDL (12) .
In the present study, rats on the standard diet and administered with 1.0 ml/kg of CCI, fortnightly (the CT group) developed only occasional fatty degeneration of centrilobular hepatocytes and a slight increase in the serum level of TC at feeding week 10. At feeding week 20, however, hepatotoxicity became evident in rats of this group, manifesting centrilobular fatty degeneration of the liver, a marked increase in serum levels of ASAT, ALAT, and gGTP, and decreased serum levels of TP and ALB. Hypo r3-lipoproteinemia, as demonstrated by decreased serum levels of TC, PL, TG, and B-LP, was also observed in these animals. These observations imply that CC'4hepatotoxicity has caused dysfunction of lipoprotein synthesis in the liver of rats as described previously (12) . However, the CC'4-administration in this group did not exert any appreciable effect on the development of both FMs and PFCs.
Rats on the HB diet (the HB group) developed hyper r3-lipoproteinemia at feeding weeks 10 and 20. In these rats, the parallel increase in numbers of FMs in the blood and PFCs in the lungs was observed, coinciding with our previous findings (15, 17) . Most of AMs have been shown to derive directly from BMs, while a small proportion was produced by division of resident interstitial macrophages (2, 3) . Our previous experimental studies on rats revealed that hyper r3-lipoproteinemia enhanced the foamy transformation of BMs, emigration of FMs into the pulmonary alveoli, and development of PFCs (17) , and it has been surmised that BMs might ingest excess amounts of oxidatively modified B-LP via the receptor pathway because the development of FMs and PFCs was suppressed in HB rats by treatment with r3-carotene, an antioxidant, and no differences in phagocytotic activity of BMs were observed between HB rats with and without the r3-carotene treatment (15) .
Rats fed the HB diet and administered with CCl4 (the HT goup) developed hyper r3-lipoproteinemia and mild hepatic injury at feeding week 10. In these rats, the B-LP percentage in serum lipoprotein electrophoresis increased, the serum TP level decreased, and slight periportal fatty changes and slight centrilobular fatty degeneration of hepatocytes were observed. It has been suggested that low doses of CC'4 may increase hepatic enzyme synthesis and that this increase may overlap with the loss of activity due to cellular necrosis (12) . Hence, it appears that the dosage level of CCK used here may not disturb lipoprotein synthesis in the liver that was ac- H&E.
X 150. c) Vacuolated cells (arrows) apparently locating in the vascular walls. Watanabe's silver impregnation method. X300. d) A giant-FM lying in a vascular lumen of the alveolar septum (arrow). Watanabe's silver impregnation method. X300. e) Embolic giant-FMs reacting positively to ED 1 antibody. Indirect immunoperoxidase method with hematoxylin counter stain. X300. f) Embolic giant-FMs containing lipid droplets in the cytoplasm. Oil red 0 stain. X300. celerated by the HB diet in the course of the 10-wk feeding.
At feeding week 20, however, severe hepatotoxicity and hypo r3-lipoproteinemia clearly appeared in this group of rats. Despite hypo p-lipoproteinemia, the development of FMs and PFCs was markedly enhanced, and giant-FMs containing numerous lipid droplets in their abundant cytoplasm also appeared in these rats. It is conceivable that dysfunction of the lipoprotein synthetic process or modification of lipoprotein molecules caused by the CCI,-hepatotoxicity may be closely related to the development of FMs and giant-FMs. It has been shown that lipid peroxidation could be one of the principal causes for the hepatotoxicity produced by CCl4 (13) . Free radicals originating from CCl4 can act directly on the hepatic endoplasmic reticulum (4), which is the important organelle for lipoprotein synthesis, leading to fatty degeneration or necrosis of hepatocytes. Such a hepatotoxic process probably makes it possible that modified or defective lipoproteins may be excreted or leaked from injured hepatocytes. LDL particles modified with 4-hydroxynonenal underwent self-aggregation and formation of large coalesced particles (6) . Oxidatively modified LDL particles also underwent aggregation or enlargement (22) , and then aggregated particles were avidly phagocytosed by macrophages (6, 20) . In the present study, phagocytotic activity of BMs was enhanced in rats fed the HB diet and administered with CCl4 at feeding week 20. The giant-FMs that have a morphology similar to activated macrophages also appeared. In addition, in these rats, exogeneously derived lipoproteins such as chylomicrons or their remnants could be retained in the blood because the uptake of exogeneously derived lipoproteins in the liver would be reduced by the CCl4-hepatotoxicity. Consequently, it seems reasonable that excess amounts of defective, modified, or aggregated molecules of lipoproteins and retained exogeneously derived lipoproteins may be phagocytosed by activated BMs in the blood, resulting in the development of FMs and giant-FMs. However, analysis of aberrant lipoprotein molecules excreted from the CCI,-injured liver of rats remains to be solved by further studies.
In HB rats with CCI,-induced hepatic injury, embolism of giant-FMs was observed in the lungs. It has been reported that 31 of 40 (77.5%) human cases having the alcoholic fatty liver showed pulmonary fat embolism, besides fat embolism in the brain, and it was suggested that, in certain cases, the fat embolism played a decisive role in the causation of death (7) . The pathogenesis of pulmonary fatty embolism in HB rats with CCl4-hepatotoxicity remains to be solved by further studies. 
